89 Thomson et al., 1998) , S. pneumoniae (Isabel et al., 1999) and Synechocystis sp. PCC 90 6803 (Nakahara et al., 2003) amongst others have been reported to express both types of 91 the enzyme. The Class-II FBAs can be sub-divided into two groups, Type A and B, 92 depending on their amino acid sequences (Sauvé & Sygusch, 2001; Nakahara et al., 93 2003). Since Class-II FBAs are not found in animals, it has been suggested that they 94 could provide a possible therapeutic or vaccine target (Blom et al., 1996; Ramsaywak et 95 al., 2004) . 96 In N. meningitidis, it is noteworthy that, due to the absence of the enzyme 97 phosphofructokinase, the Embden-Meyerhof-Parnas (EMP) glycolytic pathway is 98 rendered non-functional (Baart et al., 2007) . Instead, the catabolism of glucose has been 99 shown to be carried out through the Entner Douderoff (ED) and Pentose Phosphate 100 pathways (PP) (Baart et al., 2007) . Nevertheless, the meningococcal genome retains Sequence analysis of the cbbA gene, flanking DNA and FBA protein 115 In N. meningitidis strain MC58, the 1,065-bp cbbA gene (locus tag NMB1869) has a G+C 116 content of 55.18% and encodes a predicted protein of 354 amino acids (estimated 117 molecular weight 38.3 kDa). The cbbA gene is downstream of, and in the opposite 118 orientation to, xerC (NMB1868) encoding the XerC integrase/recombinase and upstream 119 of, and in the same orientation as, NMB1870, which encodes factor H-binding protein, 120 fHbp (Madico et al., 2006) . A similar genomic arrangement is present in the serogroup A 121 meningococcal strain Z2491 (NMA0588, NMA0587 and NMA0586 encoding XerC, 122 FBA and fHbp, respectively; Parkhill et al., 2000) , the serogroup C strain FAM18
123
( Bentley et al., 2007) used and that expression had been abolished in the mutant. In addition to the strongly 177 reactive FBA band, immunoblot analysis showed an additional cross-reactive band at ca. 178 50 kDa ( Fig. 3 ). However, this band was also present in preparations of the ∆cbbA mutant 179 demonstrating that this protein was not FBA. To further confirm that the ca. 38-kDa 180 immuno-reactive protein was FBA, a wild-type copy of cbbA was introduced in trans into 181 MC58∆cbbA using the pYHS25-based plasmid pSAT-12 ( compared to samples treated with primary or secondary alone [3.6 and 6.7, respectively]).
214
From the wild-type cells probed with both antibodies, 79.05% were found in the M1 215 region ( Fig. 5A ), suggesting that the majority of the population had FBA present on the 216 cell surface. Pre-immune sera showed no reactivity against wild-type MC58 in 217 immunoblot experiments confirming that the binding of RαFBA to wild-type MC58 218 observed by flow cytometry was FBA-specific. Viable counts of bacteria associated with homogenized infected monolayers were used to 222 compare the capacity of the wild-type, FBA mutant and complemented mutant strains to 223 associate with, and invade human brain microvascular endothelial (HBME) cells. FBA-224 deficient meningococci had a significantly reduced capacity to adhere to monolayers of 225 HBME cells ( Fig. 6A ). No statistically significant reduction was observed in the ability 226 of the FBA mutant to invade monolayers of HBME cells ( Fig. 6B ). Similar results were 227 also obtained using HEp-2 (human larynx carcinoma) cells, confirming that the effect 228 was not cell-type specific. To confirm that the observed effects were not due to an 229 impairment in in vitro growth, the growth rate of the strains was compared by measuring 230 the optical density at 600 nm (OD 600 ) and determining the viable counts of broth cultures 231 sampled during exponential growth over 24 h in triplicate on three separate occasions.
232
No significant difference between strains was observed (data not shown). previously reported to be localized to the surface of some Gram-positive bacteria. In S. 245 pneumoniae, for example, surface-exposed FBA (Class IIB) was demonstrated to act as 246 an adhesin, specifically binding to a large 7-transpass transmembrane receptor belonging 247 to the cadherin superfamily (Blau et al., 2007) . In N. meningitidis, two cytoplasmic 248 house-keeping enzymes, GAPDH and enolase have been shown to be surface-localized, 249 and enolase has been suggested to act as a plasminogen receptor (Grifantini et al., 2002; 250 Knaust et al., 2007) . The non-glycolytic role(s) of GAPDH on the bacterial surface is 251 undefined. We undertook to investigate whether FBA was also surface-localized in N. 252 meningitidis, as has been described for GAPDH and enolase, and to determine whether 253 FBA plays a role in meningococcal pathogenesis.
254
In the published meningococcal and gonococcal genome sequences, there is only to optimize the potential of the genome. To our knowledge, this is the first report 286 demonstrating that a proportion of FBA is found on the cell surface of meningococci.
287
An FBA-deficient mutant grew at the same rate (in broth culture and on solid 288 media) as the wild-type and the complemented mutant strains, demonstrating that FBA is Although we have shown that FBA is present on the meningococcal cell surface 298 and is required for optimal adhesion, the role of FBA in this process is unknown. It is a 299 possible that the enzymatic activity of FBA plays an indirect role that is required for 300 optimal adhesion. However, given that other FBA homologues (such as FBA in S. 301 pneumoniae) have been shown to directly bind to host cell ligands it is also possible that 302 the meningococcal protein has a direct host receptor binding activity. of FBA-deficient meningococci associating was significantly lower than the wild-type (*P = 655 0.0011). Numbers of mutant cells invading was not significantly lower compared to the wild-656 type (P = 0.13). Similar experiments were also carried out using HEp-2 cells with consistent 657 results. Mean levels shown from three independent experiments, each using triplicate wells.
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Bars denote standard deviation. Cfu denotes colony forming units. Fig. 6 . FBA-deficient meningococci have a reduced ability to associate with (A) but not invade into (B) HBME cells compared to the wild-type or complemented strains. The number of FBA-deficient meningococci associating was significantly lower than the wild-type (*P = 0.0011). Numbers of mutant cells invading was not significantly lower compared to the wild-type (P = 0.13). Similar experiments were also carried out using HEp-2 cells with consistent results. Mean levels shown from three independent experiments, each using triplicate wells. Bars denote standard deviation. Cfu denotes colony forming units.
